electricity. The optimal performance depends on the establishment of a microbial 23 community rich in electrogenic bacteria. Usually this microbial community is 24 established from inoculation of the MFC anode chamber with naturally occurring mixed 25 inocula. In this study, the electrochemical performance of MFCs and microbial 26 community evolution were evaluated for three inocula including domestic wastewater 27 (DW), lake sediment (LS) and biogas sludge (BS) with varying substrate loading (Lsub) 28 and external resistance (Rext) on the MFC. The electrogenic bacterium Geobacter 29 sulfurreducens was identified in all inocula and its abundance during MFC operation 30 was positively linked to the MFC performance. The LS inoculated MFCs showed 31 highest abundance (18 ± 1%) of G. sulfurreducens, maximum current density (Imax= 690 32 ± 30 mA·m -2 ) and coulombic efficiency (CE = 29 ± 1%) with acetate as the substrate. 33
Imax and CE increased to 1780 ± 30 mA·m -2 and 58 ± 1%, respectively, after decreasing 34 cultures of electrogenic bacteria can produce higher maximum power density (MPD = 59 1900 mW·m -2 ) than mixed communities (1600 mW·m -2 ) with acetate as feed [5] . 60 demand (COD) of these inocula are shown in Table 1 . The reactors were inoculated in a 111 1:1 ratio of medium to inocula and fed with sodium acetate (1 g·dm -3 of COD) using 112
Rext of 1000 Ω. Feeding was done every 5 days (equal to one cycle) with fresh medium 113 and corresponding substrates. Due to start up time, the first cycle lasted for 7 days. After 114 2 to 3 batch cycles, stable power generation was obtained in all the reactors. The acetate 115 substrate was changed to xylose to study the adaptability of the microbial community to 116 a fermentative substrate still using 1 g·dm -3 of COD content. 117
Based on the inocula test, four reactors (duplicate) inoculated with an optimal 118 inoculum (LS) were operated in batch mode testing Rext of 200, 500, 800 and 1000 Ω. 119
Anode solution was replaced every 5 days, which equals to one cycle. From second 120 cycle, all the reactors were fed with fresh medium and sodium acetate. After 3 batch 121 cycles, stable power generation was obtained and different Lsub (0.5, 1, 1.5 and 2 g·dm Table 2 . 124
Microbial community analysis 125
Biofilm samples from the anode chamber were obtained by cutting 0.5 cm 2 of the 126 anode electrode surface at the end of each cycle [6]. Genomic DNA extraction followed 127 by polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis 128 (DGGE) were conducted as previously described [6, 14] . Similarity between the samples 129 was analyzed by using BioNumerics software v.7.1 (Applied Maths, Sint-Martens 130 Latem, Belgium) [6] . 131
A clone library for providing a phylogenetic affiliation of the DGGE bands was 132 constructed and resulting sequences were submitted to EMBL Nucleotide Sequence 133 were amplified by PCR as described above. The PCR products were then run in a 135 DGGE gel to identify the bands formed by biofilm samples [6] . 136
Scanning electron microscopy 137
In order to examine biofilms on the anode surfaces, the anodic electrode (~ 1 cm 2 ) 138 was removed without touching its surface. Small samples (1 × 1 cm) were fixed in 50 139 dm 3 ·m -3 glutaraldehyde + 20 dm 3 ·m -3 paraformaldehyde in 0.1 mol·dm -3 Na-acetate in 140 deionized water (pH 7.2). After fixation, the samples were dehydrated in aqueous 141 ethanol using: 20%, 40%, 60%, 80%, 90% and 100% for 20 min in each solution. 142
Subsequent dehydration was performed in 33%, 66% and 100% acetone in ethanol 143 before samples were critical point dried using Agar E3000 critical point dryer (Agar 144 Scientific, Stansted, UK) with liquid CO2 as drying agent. Following coating with gold 145 using an Emitech E5000 sputter coater, samples were observed using a Philips XL30 146 ESEM scanning electron microscope at 50 to 10000 times of magnification [15] . 147
Chemical, electrochemical and statistical analysis 148
The COD concentration and dry matter content were measured similar to Sun et al. cycles of MFC operation, the average current density (Iave=138 ± 2 mA·m -2 ) in LS-176 inoculated MFCs was slightly higher (2 -5 %) than in DW-and BS-inoculated MFCs. 177
When xylose was added to all the MFCs (cycle 3), they took one day to recover to 178 stable current generation. Adaptation of the MFCs to xylose also resulted in a 20% drop 179 end of cycles 4 and 5, but after 3 cycles, all MFCs converged to a similar Iave (140 ± 2 181 mA·m -2 ). Thereby DW showed the shortest lag time while LS gave the highest Iave. 182
However, Iave was similar with the three inocula after shifting to xylose (cycle 5). 183
Imax is a key factor demonstrating the capability of power generation that MFCs can 184 produce (Table 3) . Imax in all the MFCs increased from cycles 2 to 6, which can be 185 explained by the study of Read et al. [3] showing that a stronger biofilm can be formed divided by the charge released from substrate degradation as shown in Table 3 . LS 207
showed the highest CE of 29 ± 1% when acetate was used (cycle 3). The higher CE is 208 due to the high current density and low COD removal. After xylose was added to the 209 MFCs (cycle 4), CE dropped dramatically to 14 ± 2%, 18 ± 1% and 17 ± 0.1% for DW, 210 LS and BS, respectively. However, the CE increased to 17 ± 3%, 23 ± 1% and 21 ± 1% 211 respectively after 3 cycle of operation (cycle 6). The highest CE (23%) and Imax (1690 212
mA·m -2 ) were thereby obtained in the LS-inoculated MFCs. 213 214

Anode polarization resistance using the three inocula 215
In an MFC, the biofilm, which is attached to the anode, serves as biocatalyst for 216 electricity generation. The metabolism of bacteria in MFCs is one of the limiting factors 217 for power generation which can be represented by the polarisation resistance of the 218 anode. EIS is an efficient non-destructive technique to determine the anode polarisation 219 resistance [17] . Measurements were conducted by connecting the MFC to a potentiostat 220 in three-electrode mode. The impedance of the anode is presented in Fig. 3 and was 221 used to calculate anode polarisation resistance (Rp) by fitting the impedance data to 222
Randles circuit (Fig. 3D ). The anode polarisation resistance for DW-, LS-and BS-223 inoculated MFCs were 94 Ω, 119 Ω and 87 Ω, respectively, before MFCs started work. 224
The differentiation of the resistance at this time is due to the different EC in the inocula 225 ( 
Effects of Rext and Lsub on electricity generation 235
Four MFCs (duplicate), with a different Rext (200, 500, 800 and 1000 Ω), were 236 evaluated from cycle 1 to 3 for Iave and Imax (Table 4) lower Iave (419 ± 28 mA·m -2 ) than the higher Lsub (555 mA·m -2 ). This can be explained 247 by previous research, which reported that only at low resistances or at near maximum 248 current the increased Lsub can result in increased electricity generation [10] . 249 250 
262
SEM analysis of the micro-and ultrastructure of anode electrode biofilms after the 263 6 cycles of MFC operation showed considerable differences as shown in Fig 4. The 264 control showed no bacterial colonisation over the surface of the electrodes (Fig. 4a) . 265
The electrode rods had clean, smooth and homogeneous surfaces (Fig. 4a, inset top  266 right) with even diameter of ca 8 μm. BS: Not dense unevenly distributed bacteria and 267 only low biofilm slime formation was observed (Fig. 4b) . Sometimes, rods were 268 observed with areas of non-colonized clear surfaces (Fig. 4b, inset top right) . In 269 addition, a diverse bacterial community (e.g. long rod types (arrowhead, Fig. 4c ) and 270 oval shaped ones (arrows, Fig. 4c) ) was apparent (Fig. 4c) .These characteristics agree 271 the low Imax of 930 mA·m 2 (Table 3) . DW: Electrode rods had unclean surfaces with 272 often observed inhomogeneous particles (arrows, Fig. 4d) . A close-up view showed 273 condensed colonies of mostly rod shaped bacteria with infrequent presence of slimy 274 material (inset top right, Fig. 4d and Fig. 4e ). Different bacterial morphology was found (Fig. 4f) and the bacteria were attached to each other ( Fig. 4e and 4f ). In addition, it was 276 also infrequently observed nano-threads like structures from bacteria (arrows, Fig. 4g ) 277 and all these characteristics of the biofilm should collectively contribute to the 43% 278
higher Imax (Table 3) . 279 280 LS: An even higher and thick colonisation of the electrode surfaces were seen (Fig.  281 h) with more frequent particles of varying sizes densely distributed over electrodes 282 (arrows, Fig. 4h ). The large particles were thick highly concentrated bacterial colonies 283 (inset top right, Fig. 4h ) that are thought to contribute for higher electricity production. 284
In addition, morphology of the biofilm indicated comparatively less diverse bacterial 285 communities where long rod-shaped bacteria were more commonly observed (Fig, 4i) . 286
Interestingly, nano threads-like appendages ranging from 70-120 nm in width and 287 extending tens of micron long were often seen associated with rod-shaped bacteria 288 (arrowheads, Fig. 4j ) presumably representing bacterial nanowires. G. sulfurreducens 289 are known to produce nanowires that are highly conductive and have potential for long-290 range exocellular electron transfer across biofilm via intertwined nanowires [20, 21] . 291
These characteristics lead to 82% higher Imax than with BS (Table 3) and presumably 292 also suggest high abundance and activity of electrogenic Geobacter sp. as evidence 293 from DGGE analysis (Fig. 5) . 294
Molecular determination of microbial community
295
In order to provide greater insight into microbial diversity of the biofilm samples, 296 bacterial gene libraries were examined using full length 16S rRNA ( The anodic biofilms in the three types of inoculated MFCs were sampled at the end 303 of each batch test (from cycle 2 to 5) as shown in Fig. 1 . The microbial community of 304 the biofilm samples were analysed with 16S rRNA-based DGGE in combination with a 305 clone library as summarized in Fig. 5A . The band patterns of the biofilm in all the 306
MFCs became stable after 7 days of enrichment with inocula and acetate (cycle 1 in Fig.  307 1). The similarities between the lanes comparing cycle 2 and 3 were higher than 88% 308 for the 3 inocula. However, the band patterns in cycle 2 varied significantly between the 309 three types of inoculated MFCs with 59% for LS compared to DW (LS_2:DW_2) and 310 with 33% for LS compared to BS (LS_2:BS_2). The patterns of the bands also changed 311 after switching substrate from acetate to xylose in all the MFCs, with similarities from 312 cycle 3 to 4 of 46%, 40% and 4% for LS, DW and BS, respectively. After short 313 acclimation of the MFCs to xylose, stable band patterns were observed in all the biofilm 314 samples with similarities above 80% (LS_4, LS_5; DW_4, DW_5; and BS_4, BS_5 Magnetospirillum sp. in the wastewater inoculated MFCs [16] . However, the abundance 338 of these species was not quantified. 339
After xylose was added to the MFCs (cycle 4), the proportion of G. sulfurreducens 340 decreased to 6 -11%. This may be due to that xylose boosts the growth of fermentative 341 bacteria, which also resulted in a significant drop in CE (Table 3) . However, the 342 concentration of G. sulfurreducens increased after two cycles of MFC operation to 13 ± 343 0.3% in LS-inoculated MFCs, which was higher than DW (11 ±0.2%) and BS (10 ± 344
0.3%). These results show that Imax increased versus the abundance of electrogenic 345 bacteria (most G. sulfurreducens with the LS inoculum). 346
Based on DGGE band intensities in Fig 6A, the abundance of G. sulfurreducens in 348 the biofilm communities was estimated (Fig. 6B) Overall SEM microscopy (Fig. 4) showed dense, less diverse and highly active 372 bacterial community and DGGE showed high dominance of G. sulfureducens for the LS 373 inoculum (Fig. 5) . Both of these results confirm the hypothesis that high current 374 generation is linked to high dominance of G. sulfureducens (Table 3) . 375
Conclusion 376
This study showed that the lake sediment inoculated MFCs yielded higher Imax up 377 to 1690 mA·m 
